Integrated pulse profiles at 8.6 GHz obtained with the Shanghai Tian Ma Radio Telescope (TMRT) are presented for a sample of 26 pulsars. Mean flux densities and pulse width parameters of these pulsars are estimated. For eleven pulsars these are the first high-frequency observations and for a further four, our observations have a better signal-to-noise ratio than previous observations. For one (PSRs J0742−2822) the 8.6 GHz profiles differs from previously observed profiles. A comparison of 19 profiles with those at other frequencies shows that in nine cases the separation between the outmost leading and trailing components decreases with frequency, roughly in agreement with radius-to-frequency mapping, whereas in the other ten the separation is nearly constant. Different
spectral indices of profile components lead to the variation of integrated pulse profile shapes with frequency. In seven pulsars with multi-component profiles, the spectral indices of the central components are steeper than those of the outer components. For the 12 pulsars with multi-component profiles in the highfrequency sample, we estimate the core width using gaussian fitting and discuss the width-period relationsip.
Subject headings: pulsars: general
Introduction
Integrated pulse profiles can be thought of as 'fingerprints' for two reasons. One is that for a given pulsar, even though the individual pulses show different shapes, the integrated pulse profile at a given frequency is usually very stable. The other is that, for different pulsars, the integrated pulse profiles are morphologically different Morris et al. 1981) . At different frequencies, the shape of the integrated pulse profile often changes substantially (Sieber et al. 1975) . These variations might be related to the different ways in which the line of sight cuts across the radiation beam and intrinsic asymmetry and irregularity within the individual pulsar beams. Therefore, studying integrated pulse profiles at multiple frequencies helps to investigate both the geometry and the mechanism of pulsar radiation.
There have been many studies of pulse profiles at different frequencies during the history of pulsar research (e.g., Rankin 1983; Rankin 1992; Mitra & Rankin 2002; Johnston et al. 2008; Hankins & Rankin 2010) . However, because of the steep spectrum of pulsar emission, with a typical spectral index α = −1.8 (S ν ∝ ν α ) (Sieber 1973; Malofeev et al. 1994; Maron et al. 2000) , limited samples have been observed at high frequencies. Using the Effelsberg 100-m radio telescope, Morris et al. (1981) observed 15 northern hemisphere pulsars at 8.7 GHz, Kramer et al. (1997b) observed 8 pulsars between 1.4 and 32 GHz including 8.5 GHz, Maron et al. (2004) observed 4 millisecond pulsars at 8.35 GHz and Maron et al. (2013) observed 12 pulsars at 8.35 GHz. Johnston et al. (2006) observed 32 southern hemisphere pulsars at 8.4 GHz using Parkes 64-m telescope. In total, only 48 pulsars have been observed in a frequency range of 8 GHz to 9 GHz. Obviously, more highfrequency observations will help our understanding the pulse emission mechanism. Thus, we initiated observations of a sample of 26 pulsars with 1.4 GHz flux density of 4 mJy using the newly-built Shanghai Tian Ma Radio Telescope (TMRT). As a result, 26 pulsars were firmly detected at 8.6 GHz.
In this paper we present integrated pulse profiles at 8.6 GHz for these 26 pulsars observed with the TMRT. In §2, the TMRT observations and data reduction methods are described. Results for individual pulsars are presented in §3 and discussed in the context of other observations in §4. Our results are summarised in §5.
Observations and data reduction
The TMRT is a 65-m diameter shaped Cassegrain radio telescope with an elevationazimuth pedestal and an active reflector for gravity compensation located in Shanghai, China. Observations of a sample of 26 pulsars were performed with the TMRT in July 2014, May 2015 and January 2016 at a frequency of 8.6 GHz. The observations were made with incoherent dedispersion and on-line folding by the FPGA-based spectrometer DIBAS (Yan et al. 2015) . The total recording bandwidth of 800 MHz (8.2−9.0 GHz) was subdivided into 512 frequency channels and each pulsar period was divided into 1024 phase bins. Observation times were typically 30 min or 60 min and were divided into 30 s subintegrations. Observational data were written out in 8-bit psrfits format and psrchive programs (Hotan et al. 2004) were used for data editing and processing to produce the integrated pulse profiles. Pulsar parameters for on-line folding were obtained from the ATNF Pulsar Catalogue (Manchester et al. 2005) * .
Since no real-time flux calibration system was available, we estimated the profile peak flux density in Jy using the radiometer equation:
where σ b is the off-pulse rms noise in Jy, S is the observed signal-to-noise ratio (S/N) of the integrated profile, η is a factor, taken to be 1.5, which allows for digitiser and other inefficencies, S sys is the system equivalent flux density in Jy, T is the on-source observation time in s, ∆ν is the recorded bandwidth in Hz and N b is the number of phase bins in the integrated profile. The mean flux density in Jy can be obtained from
where n p is the number of on-pulse bins and S i is the flux density in on-pulse bin i. The uncertainty in S is
For our 8.6 GHz TMRT observations, the measured S sys is ≥ 50 Jy depending on elevation (Wang et al. 2015) , ∆ν = 8 × 10 8 Hz and N b = 1024.
Mean pulse profile widths at 10% (W 10 ) and 50% (W 50 ) of the peak amplitude are commonly tabulated. We estimate the uncertainty in W 50 , by considering each component in the profile to have a gaussian shape. For a mean profile with just one component above the 50% level, the uncertainty in W 50 is:
where S ′ is the S/N of the component. For a multi-component profile, W 50 is measured at 50% level of the strongest component and its uncertainty is the quadrature sum of
for the two outermost components that reach the 50% level, where R is the fractional amplitude of each component at the level at which W 50 is measured, W R is the component full width at that level and S ′ is the S/N of that component.
Observational results
In this section we present the integrated pulse profiles for the 26 pulsars observed by TMRT and discuss their properties. Observational and profile parameters are given in Table 1 . The first four columns give the pulsar J2000 name, the pulsar period, the observation date as a Modified Julian Day (MJD) and the on-source time. The next three columns give the separation between the outermost components with number of components in parenthesis and the observed pulse widths at 50% and 10% of the profile peak, all in units of degrees of pulse phase. Uncertainties are estimated for W 50 but not for W 10 which is often just approximate because of the low signal to noise ratio. For all the W 50 estimates, the S/N at 50% of the peak amplitude is greater than 3. For the W 10 measurements, the S/N at 10% of the peak amplitude is greater than 3 for 10 of the 26 pulsars. In Table 1 , those with S/N between 1 and 3 are marked by '?' and the value is rounded to the nearest degree. For the two (PSRs J0659+1414 and J1239+2453) with S/N < 1, the W 10 measurement is omitted. The next two columns give the measured 8.6 GHz mean and peak flux densities. For comparison, the next three columns give pulse widths and flux densities at frequencies close to 8 GHz as measured by others. For 11 pulsars (PSRs J0437−4715, J1239+2453, J1645−0317, J1705−1906, J1745−3040, J1803−2137, J1807−0847, J1829−1751, J1848−0123, J1948+3540 and J2048−1616), these are the first published profiles for frequencies around 8 GHz. For 4 pulsars (PSRs J0742-2822, J1709-1640, J1932+1059 and J2022+5154), these profiles have a much better signal-to-noise ratio than previous observations (cf., Kramer et al. 1997b; Johnston et al. 2006) . Figure 1 gives 8.6 GHz pulse profiles for the 26 pulsars observed by TMRT and Figure 2 compares the TMRT 8.6 GHz profiles with profiles at other frequencies obtained from the EPN profile database.
* The relationship of components at the different frequencies is indicated by dashed lines where the power-law frequency dependences of component phase discussed in §4.1 are assumed.
PSR J0437−4715. Since its discovery by Johnston et al. (1993) , PSR J0437−4715 has been extensively studied as the closest and brightest binary millisecond pulsar. Navarro et al. (1997) found that there are at least 10 pulse components in the profile and observed a frequency-dependent lag of the total-intensity profile with respect to the polarization profile. Yan et al. (2011) showed that multiple overlapping components cover at least 85% of the rotation period at 1.3 GHz. The integrated pulse profile at 8.6 GHz in Fig. 1 shows over-lapping central components and weaker emission on both sides to outlying components around 104
• and 250
• . On the trailing side especially, there is a bridge of emission between the central and outlying component. Fig. 2 shows that the trailing central component 2 has a steeper spectrum than the leading component 1 and that the component separation is essentially independent of frequency (cf., Dai et al. 2015) . At 8.6 GHz the center components are more dominant and the side components (around 140
• and 230 • ) are relatively weaker than the components at 104
• .
PSR J0659+1414 (B0656+14)
. This pulsar is a nearby middle-aged pulsar that is a strong source of pulsed high-energy emission (Weltevrede et al. 2010 ). In the radio band, Weltevrede et al. (2006) found that profile instabilities are caused by very bright and narrow pulses which may be related to the pulses observed from RRATs (Rotating Radio Transients). The TMRT 8.6 GHz pulse profile shown in Fig. 1 has relatively low S/N but is similar to the 8.4 GHz of Johnston et al. (2006) . This pulsar has a single component profile at all radio frequencies (Lorimer et al. 1995; von Hoensbroech 1999) and gets narrower with increasing frequency. PSR J0738−4042 (B0736−40). Our 8.6 GHz profile for this pulsar shown in Fig. 1 has two obvious components and a third overlapping component on the leading edge. As Fig. 2 shows, this leading component is not as obvious in the 8.4 GHz Parkes profile of Johnston et al. (2006) . Systematic variations in the leading components of the pulse profile at frequencies around 1.4 GHz that are related to changes in spin-down rate have been found for this pulsar (Karastergiou et al. 2011; Brook et al. 2014) . It is likely that the differences in the 8 GHz profiles are related to the changes seen at lower frequencies.
PSR J0742−2822 (B0740−28). At 8.6 GHz the profile (Fig. 1) has two clear components. At lower frequencies, the pulsar consists of as many as seven components (Kramer et al. 1994 ) but the weaker ones are not visible in the TMRT profile. The width of pulse profile is almost the same over a wide frequency range (Chen & Wang 2014) . In observations at 1.4 GHz and 3.1 GHz (Keith et al. 2013) , this pulsar has an interesting mode-changing behaviour on timescales of several hundred days that appears to be modified by a glitch. In the more common Mode I the trailing component is relatively weaker than in the less common Mode II. Fig. 3 shows that the TMRT profile differs from the 8.4 GHz profile of Johnston et al. (2006) in the same way as for the two modes observed at lower frequencies. Evidently the Parkes data were taken when the pulsars was in Mode I, whereas the pulsar was in Mode II during the TMRT observations. PSR J0837−4135 (B0835−41). This pulsar was discovered at 408 MHz by Large et al. (1968) and Wang et al. (2001) used the Nanshan radio telescope at Xinjiang Astronomical Observatory to update the period and period derivative. The 8.6 GHz profile for this pulsar ( Fig. 1 ) has a strong central component with outlier components on each side. As Fig. 2 shows, the frequency evolution of the profile shows classical behaviour with the outlier components having flatter spectra so that at 1.4 and 3.1 GHz the central component completely dominates the profile (Karastergiou & Johnston 2006) . The separation of the components in longitude is only weakly dependent on frequency.
PSR J0953+0755 (B0950+08). This famous pulsar, one of the original four pulsars discovered at Cambridge (Pilkington et al. 1968) , has been extensively studied over a wide frequency range. The profile has a weak interpulse and bridge emission with the separation of the main component and interpulse close to 150
• over a wide frequency range (Hankins & Fowler 1986) . At low frequencies, the main pulse has two distinct components (Pilia et al. 2016 ) but at higher frequencies there is just one peak with an extension on the leading side. The 8.6 GHz profile shown in Fig. 1 has this form. Giant pulses and microstructure have been detected at different frequencies (Hankins 1971; Cairns et al. 2004; Tsai et al. 2016) .
PSR J1136+1551 (B1133+16)
. This is another of the original four pulsars discovered at Cambridge (Pilkington et al. 1968 ) that has a classic two-component profile and has been studied at many different frequencies. At low radio frequencies, the two components are of comparable amplitude (Bilous et al. 2016 ) but, as Fig. 1 shows, at 8.6 GHz, the trailing component is much weaker, indicating a much steeper spectrum. Thorsett (1991) has shown that the component separation ∆φ for most double profiles can be fitted by the function of the form:
where ν is in MHz. For PSR J1136+1551, fitting to data at frequencies between 26 MHz and 10 GHz gives A = 53
• , β = 0.50 and ∆φ min = 4.4
• . For 8.6 GHz, this equation gives ∆φ = 5.0
• , in agreement with the measured value 5.1 • (Table 1) .
PSR J1239+2453 (B1237+25).
The mean pulse profile for this well-known bright pulsar has five distinct components at low radio frequencies and exhibits dramatic mode changing affecting mainly the central and trailing components (Srostlik & Rankin 2005) . The polarisation properties are consistent with a very small impact parameter, i.e., the magnetic axis passes within a fraction of one degree of the line of sight to the pulsar, so essentially a full diameter of the beam is traversed (Srostlik & Rankin 2005) . Fig. 2 shows that, at higher frequencies, the outer components more closely spaced. The component separation at 8.6 GHz is 8.3
• (Table 1) , which is close to the 8.6
• predicted by Thorsett (1991) from a fit to data at frequencies between 80 and 4900 MHz. Fig. 2 also shows that, at 4.8 GHz and 8.6 GHz, the trailing component is stronger than the leading component, whereas the opposite is true at frequencies around and below 1 GHz. Clearly, of the two components, the trailing one has a flatter spectrum. Given the low S/N of the TMRT profile, it is not possible to identify systematic changes with frequency in the inner three components.
PSR J1644−4559 (B1641−45
). This is the second brightest pulsar at 1.4 GHz and, at frequencies around 1 GHz, consists of an asymmetric primary component with a weak leading component (Manchester et al. 1980; Karastergiou & Johnston 2006) . At lower frequencies, the profile is broadened by interstellar scattering. Although the signal-to-noise ratio is low, Keith et al. (2011) showed that the leading component is nearly as strong as the main component at 17 GHz. Our 8.6 GHz profile ( Fig. 1 ) and that of Johnston et al. (2006) clearly show the leading component and also a similar trailing component. The leading and trailing components both have relativly flat spectra and clearly are conal emission. Although we do not know the impact parameter, the relatively flat PA variation (Johnston et al. 2006) as well as the strong core component suggests it must be small so that the beam radius is probably about half of the separation of the leading and trailing components, i.e., close to 10
• / sin α B , where α B is the magnetic inclination angle.
PSR J1645−0317 (B1642−03). As Fig. 2 shows, in terms of the pulse profile and its frequency dependence, PSR J1645−0317 is essentially a twin of PSR J1644−4559, except that the outlier conal components are relatively stronger and are evident at a lower frequency for PSR J1645−0317. At frequencies above 8.6 GHz, the leading component dominates the profile whereas the central component is weak, showing that it has a much steeper spectral index. The apparent beam radius is a little smaller than for PSR J1644−4559, about 6
• / sin α B .
PSR J1705−1906 (B1702−19) . This pulsar has a relatively short period (∼ 0.299 s) and, at frequencies around 1 GHz, a strong interpulse separated from the main pulse by 180
• of longitude (Biggs et al. 1988 ). The observed polarisation variations can be interpreted in terms of an orthogonal rotator with the main pulse and interpulse from opposite poles (e.g., Karastergiou & Johnston 2004 ). However, Weltevrede et al. (2007) find a 10P modulation in both the main pulse and interpulse that remains phase-locked over years, a result that is difficult to explain in the two-pole model.
Our observations at 8.6 GHz (Fig. 1 , plotted with 256-bin/period resolution to improve the S/N) clearly shows the interpulse separated from the main pulse by 179
• ± 1 • and with a peak flux density about 6% of that of the main pulse. The interpulse evidently has a spectrum relative to the main pulse which peaks around 1 GHz, with flux density ratios of approximately 0.20, 0.24 and 0.45 at 408 MHz, 610 MHz and 1.4 GHz respectively (Gould & Lyne 1998) , and 0.30 at 4.85 GHz (Kijak et al. 1998) . At 8.6 GHz, Fig. 2 shows that the main pulse has at least two components and that the pulse profile changes little between frequencies of 900 MHz and 8.6 GHz.
PSR J1709−1640 (B1706−16). The 8.6 GHz pulse profile shown for this pulsar in Fig. 1 is dominated by a single strong component with a weak component at its leading edge. These components are also seen in the 4.75 GHz profile presented by Kramer et al. (1997b) . Their 8.5 GHz profile is affected by systematic baseline noise and these weaker components are not visible. Chen & Wang (2014) show that the width of the main component decreases with increasing frequency, and our 8.6 GHz profile is consistent with that.
PSR J1709−4429 (B1706−44). PSR J1709−4429 is a young Vela-like pulsar that shows both high-energy emission (e.g., Abdo et al. 2010 ) and intermittent strong micropulses from a small phase range near the trailing edge of the pulse profile (Johnston & Romani 2002) . The radio pulse profile is simple with one dominant component and is highly linearly polarised (Qiao et al. 1995; Johnston et al. 2006) . Our 8.6 GHz pulse profile is similar to that of Johnston et al. (2006) , showing a single component of 50% width about 16
• of longitude. This is significantly narrower than the 50% width, about 21
• , at 1.4 GHz ).
PSR J1721−3532 (B1718−35)
. This pulsar has a relatvely short pulse period (∼ 280 ms) and a very high dispersion measure (496 cm −3 pc) . At 8.6 GHz, Fig. 1 shows that this pulsar has a simple but asymmetric profile with a slow rising edge and a steeper falling edge (cf., Johnston et al. 2006) . At 1.4 GHz, the profile is highly scattered ) with a 1 GHz scattering timescale of about 78 ms (Johnston 1990 ).
PSR J1740−3015 (B1737−30). This pulsar is young (characteristic age about 20,000 years) and has a large surface-dipole magnetic field (∼ 1.7 × 10 13 G). Its main claim to fame is the high rate of glitch occurrence, with more than 30 observed at an average rate of about one per year (Espinoza et al. 2011 , and the ATNF Pulsar Catalogue Glitch Table) . At frequencies around 1 GHz, the profile for this pulsar is dominated by a single component (e.g., Gould & Lyne 1998) but as Fig. 1 shows, at 8.6 GHz the peak of the profile splits into two components. Parkes observations at a similar frequency (Keith et al. 2011) show the same profile shape. Above 1 GHz, the profile 50% width is approximately constant (Chen & Wang 2014 ), but at lower frequencies it is affected by interstellar scattering (Krishnakumar et al. 2015) .
PSR J1745−3040 (B1742−30). Fig. 1 shows that at 8.6 GHz this pulsar has a twocomponent profile, with a component separation of slightly less than 10
• (Table 1 ). Fig. 2 shows that, toward lower frequencies, the leading component becomes relatively weaker, a central component appears and the separation between the leading and trailing components increases greatly (cf., Gould & Lyne 1998) .
PSR J1752−2806 (B1749−28). This strong pulsar, discovered by Turtle & Vaughan (1968) , lies within 2
• of the Galactic Centre. At frequencies of a few GHz the pulse profile is dominated by a single component. At frequencies below about 400 MHz, profile broadening due to interstellar scattering is evident (Alurkar et al. 1986 ). Fig. 1 shows that at 8.6 GHz there is a trailing component with a peak flux density about 40% that of the leading component. This trailing component can be seen at 3.1 GHz and 4.75 GHz (Fig. 2) , becoming relatively weaker with decreasing frequency. At frequencies around 1 GHz, a central, probably core, component is visible.
PSR J1803−2137 (B1800−21). This young Vela-like pulsar has an extraordinarily wide double profile with W 10 at 1.4 GHz of 43 ms or 115
• of longitude ). The spectrum has a peak at around 1 GHz with a variable low-frequency spectrum probably due to varying interstellar absorption (Basu et al. 2016) .
At 8.6 GHz, Fig. 1 shows that the profile retains its wide-double form. W 10 is 81
• (Table 1) showing that the component separation is a strong function of frequency. Fig. 2 illustrates this and shows that the leading component has a relatively flatter spectrum, being barely visible at 610 MHz (cf., Basu et al. 2016) and becoming prominent at higher frequencies. At low frequencies, a central core component also becomes evident.
PSR J1807−0847 (B1804−08). At frequencies around 1 GHz, this pulsar has a clear three-component pulse profile (e.g.. . As shown in Fig. 1, at 8.6 GHz the profile has a classic double form with a steep outer edges and a connecting bridge of emission. Fig. 2 shows that the central component has a steeper spectrum and this along with its central location marks it as a core component. There is no significant frequency dependence of component separation.
PSR J1829−1751 (B1826−17). At 8.6 GHz Fig. 1 shows that the mean pulse profile has two isolated components, with the trailing one about twice as strong as the leading one. However, at 0.925 and 1.408 GHz ( Fig. 2; Gould & Lyne 1998), a central core component is clearly visible and the leading and trailing components are of comparable strength, indicating a wide variation in spectral index across the profile. Overall, the profile frequency evolution is very similar to that of PSR J1807−0847, although there is a more significant narrowing of the profile width with increasing frequency for PSR J1829−1751.
PSR J1848−0123 (B1845−01). Our 8.6 GHz profile has two components with a bridge between them (Fig. 1) . Fig. 2 shows that the profile frequency evolution in this pulsar is very similar to the preceding two pulsars, with a central core component becoming dominant at frequencies around 1.4 GHz. There is little change in pulse width between 1 GHz and 10 GHz.
PSR J1932+1059 (B1929+10)
. This is a nearby, bright and isolated pulsar which has a relatively weak interpulse preceding the main pulse by about 170
• of longitude (e.g., Stairs et al. 1999) . At low frequencies, emission can be seen over most of the pulse period allowing detection of a double-notch feature trailing the main pulse by about 100
• of longitude (McLaughlin & Rankin 2004 ). This feature similar to those seen in PSR J0437−4715 and PSR J0953+0755 (B0950+08) which also have detectable emission over most of the pulse period. At 8.6 GHz the profile has broad wings and two identifiable components near the profile peak (Fig. 1) . The multi-frequency profiles in Fig. 2 (see also Hankins & Rickett 1986) show that the leading component has a flatter spectrum than the central and trailing components. At 1.4 GHz the main pulse has a 50% width of about 12
• ), whereas at 8.6 GHz the pulse is much narrower with W 50 about 6
• (Table 1) .
PSR J1935+1616 (B1933+16). Sieber et al. (1975) showed the frequency evolution in this profile from a single dominant component at 430 MHz to three components above 2 GHz. This is a classic core-conal structure with the core region dominating at low frequencies and conal outriders appearing at higher frequencies. Our 8.6 GHz profile (Fig. 1) shows that this evolution continues to higher frequencies, with the central and trailing components of comparable strength while the leading component is stronger than at lower frequencies (Fig. 2 ) but only about 30% as strong as the other two components. The higher S/N profiles at 925 MHz (Gould & Lyne 1998 ) and 1418 MHz (Weisberg et al. 1999) given in Fig. 2 show that the core emission consists of two overlapping components. This is consistent with the gradual evolution from core emission to conal emission across the profile discussed by .
PSR J1948+3540 (B1946+35).
Even more than PSR J1935+1616 discussed above, PSR J1948+3540 shows the evolution from core-dominated at low frequencies to conedominated at high frequencies (Fig. 2) . The 8.6 GHz integrated pulse profile given in Fig. 1 has a basically double pulse profile although there is evidence for a weak central or core component. At least above 1 GHz, the pulse phases of three components and the overall pulse width are stable (Fig. 2) .
PSR J2022+5154 (B2021+51)
. PSR J2022+5154 is one of the strongest pulsars at high frequencies with detections up to 43 GHz (e.g., Kramer et al. 1997a) . At low frequencies, e.g., around 400 MHz, the profile is double-peaked with the trailing component about twice as strong as the leading one and a component separation of about 8
• (Gould & Lyne 1998 ). Around 1.4 GHz, the leading component evidently disappears and the trailing component bifurcates to two overlapping components. Fig. 1 shows that, at 8.6 GHz, only a single component with a 50% width of 6.7
• (Table 1) is evident.
PSR J2048−1616 (B2045−16
). This well known pulsar, discovered by Turtle & Vaughan (1968) , has a triple component profile at frequencies of a few GHz and below and a positionangle swing indicating a traverse of the polar cap with low impact angle, i.e., the line of sight passing close to the magnetic axis (e.g., Manchester 1971) . Fig. 1 shows that at 8.6 GHz the central component has almost disappeared. It therefore has a steeper spectrum and is consistent with core emission despite being offset from the profile centre (cf., ). Fig. 2 shows that the trailing component becomes relatively stronger at high frequencies and that the component separation is a decreasing function of frequency (cf., Chen & Wang 2014).
Discussion
Pulsar integrated profiles come in many different forms with different numbers of pulse components, different separations, sometimes interpulses and different spectral behaviour for the different components. In most cases, profiles and components are narrower and weaker at higher frequencies. These different behaviours give important information about the structure of pulsar emission regions and the radiation mechanisms.
Even though there are very many observations of integrated pulse profiles, the sample at high frequencies is relatively limited, largely because of the typically steep spectrum of pulsar emission. The 8.6 GHz observations of 26 pulsars reported here nearly double the number of published high-quality high-frequency pulse profiles.
Frequency dependence of profile widths
It has long been known that for most pulsars the profile width, or component separation for multiple-component pulsars, decreases with increasing radio frequency (e.g., Manchester & Taylor 1977; Cordes 1978) , at least at frequencies below about 1 GHz. This was often modelled as a power law ∆φ ∼ ν β with β typically about −0.25. At higher frequencies, pulse widths become more frequency-independent, leading to two-component power-law models with a break at some frequency, typically about 1 GHz (Slee et al. 1987) . As discussed above in §3, an alternative model (Eq. 6) with a single power law combined with a minimum pulse width was shown by Thorsett (1991) to accurately describe the frequency dependence for many pulsars. Our 8.6 GHz observations add significantly to the available data on high-frequency pulse widths. Of the 26 pulsars, 19 have two or more clearly resolved components, allowing a measurement of ∆φ as listed in Table 1 . * These component separations are compared with other measurements made over a range of frequencies (Seiradakis et al. 1995; von Hoensbroech & Xilouris 1997; Gould & Lyne 1998; Weisberg et al. 1999; Dai et al. 2015) in Fig. 4 . The observed frequency dependencies are closely power-law and appear to divide into two groups, those with a signficant frequency dependence and those which are essentially frequency-independent. The frequency range fitted, the power-law indices (β) and the rms residuals from the fit (σ) are given in Table 2 for the first group and Table 3 for the second group. Table 3 also gives the mean separation of the outermost components, ∆φ , for the pulsars with frequency-independent component separations. These power-law frequency dependencies are shown in Fig. 2 for each pulsar, with the phase of the dashed lines for each profile representing the predicted phase for the frequency of that profile.
Component separation indices for the first group range between −0.07 and −0.3, whereas for the second group they are generally 0.00 ± 0.03. For the pulsars in the first group there is no sign of a flattening at the highest frequencies plotted and for those in the second group, there is no sign of a steepening for the lowest frequencies plotted. This is not necessarily inconsistent with earlier results that indicate a change of power-law index as this is only seen in a subset of all pulsars (e.g., Chen & Wang 2014) and, when present, generally occurs around 1 GHz. Most of the plotted points are at frequencies higher than this.
Most magnetic-pole emission models interpret the decreasing profile width with increasing frequency in terms of radius-to-frequency apping (e.g., Cordes 1978) . Predicted indices range between −0.14 (Beskin et al. 1988 ) and −0.45 (Vitarmo & Jauho 1973) with the well-known Ruderman & Sutherland (1975) model giving −0.33. Within the context of radius-to-frequency mapping, the flattening out at high frequencies is interpreted in terms of a lower limit to the altitude of the emission region, possibly at or close to the neutron-star surface (e.g., Kramer et al. 1997b ).
Interestingly, Mitra & Rankin (2002) found from an analysis of multiple-component profiles that, while outer conal pairs followed the Thorsett (1991) frequency dependence of component separation, inner conal pairs did not and have an essentially frequency-independent component separation. A similar dependence of frequency dependence for inner and outer cones was found by Wu et al. (1998) for PSR B1451−68. These observations provide an alternate explanation for the two types of frequency dependence that we observed, namely that for the frequency-independent cases, the emission is from an inner cone. However, as Fig. 4 shows, the frequency-independent component separations are typically about the same as the frequency-dependent ones, which would not be expected if the former were inner cones. This simple comparison ignores the effects of line-of-sight impact parameter and magnetic inclination. Most of these pulsars show core emission, and so impact parameters should be small and have little effect. The effects of magnetic inclination are difficult to reliably quantify since most estimates are based on observed pulse widths and the assumption of a well-defined beam opening angle Rankin 1990 ). Another relevant point is that at least two of the frequency-independent group (PSRs J1807−0847 and J1848−0123) have multiple components and the frequency independence appears to extend across all components. Millisecond pulsars such as PSR J0437−4715 are also exceptional and are discussed below.
Most emission models assume that the radiation is emitted tangentially to the local magnetic field, giving a simple relation between the beam opening angle, the emission height and the radial position (from the magnetic axis) of the field line on the polar cap (e.g., Rankin 1993; Mitra & Rankin 2002) . However, in the inverse Compton scattering (ICS) model (Qiao & Lin 1998) , the different conal components result from different beam angles relative to the field direction on a given field line. The ICS model can account for the different observed frequency dependence of component separations for inner and outer cones (Qiao et al. 2001 ).
For most millisecond pulsars (e.g., Dai et al. 2015) , including PSR J0437−4715 described in §3, and some other pulsars with wide profiles, e.g., PSR J0953+0755 (B0950+08) also described in §3, the observed component separation is frequency independent. For these pulsars the emission region may be close to the light cylinder and caustic effects may be important in defining the observed profile shape (Ravi et al. 2010) , thereby negating the effects of radius-to-frequency mapping and providing an alternative explanation for frequency-independent component separations. 
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Spectral properties of components in integrated pulse profiles
There is ample evidence that central and outer regions of observed pulse profiles have different spectral properties, with the central regions generally having steeper spectra (e.g., Rankin 1983 Rankin , 1993 . Within the context of the magnetic-pole model, this is generally interpreted as differing properties for emission from the "core" and "conal" or outer regions of the emission cone. There is debate about whether the mechanism for the core and cone emission is different (Rankin 1983) or basically the same with a gradation of properties across the polar cap ).
In Table 4 we present spectral indices for the leading, centre and trailing components for the seven of our 26 pulsars where these components are clearly visible over a range of frequencies. These results combine data from our 8.6 GHz observations with the observations at other frequencies as used in the analysis of component separation ( §4.1). Component flux densities were estimated by fitting Gaussian profiles to the relevant components at each frequency and taking the product of the component amplitude and width. This procedure gives a better estimate of the total component flux density since component widths tend to be greater at lower frequencies (cf., Wu et al. 1998 ).
In all seven cases, the spectral indices of the central components are close to or more negative than those of the leading and trailing components, further emphasizing this property of the pulsar emission mechanism. In some cases the spectral index difference is large. For example, for PSR J1645−0317 (B1642−03), the spectral index of the central component is −5.0 compared to a mean spectral index for the outer components of about −2.3.
Period dependence of core components
On the assumption that pulsar emission beams are bounded by the open field lines emanating from a polar cap, the observed pulse widths are determined by the altitude of the emission region relative to the light-cylinder radius, the line-of-sight impact parameter relative to the beam radius and the magnetic inclination angle α B (e.g., . To obtain beam radii, emission altitudes and magnetic inclination angles from these relations, the (linear) polarisation properties must be known. Rankin (1990) proposed a simpler relation based on the observed width of core components. If a gaussian beam profile is assumed for the components, then the observed half-power component width is independent of the impact parameter. Consequently, total-power measurements are sufficient. Rankin (1990) • 45P −1/2 .
Larger observed widths are interpreted as magnetic inclination angles α B = 90
• , that is non-orthogonal rotators, for which the observed pulse widths are greater than the intrinsic widths by a factor 1/ sin α B . On the assumption that Equation 7 accurately describes the intrinsic core beamwidth in pulsars, the angles α B can be estimated from sin α B = W c,i 50 /W c 50 . In Table 5 we give measured core-component half-power widths at 8.6 GHz, W c, 8.6 50 , for pulsars with multiple components at this frequency. We also give measured core widths from Rankin (1990) for these pulsars (excepting the Crab pulsar, where Rankin (1990) gives the width of the precursor component, whereas we adopt the interpulse width at 8.4 GHz from Moffett & Hankins (1999) ). The average ratio of 8.6 GHz width to 1.0 GHz width for these pulsars is about 0.85, so we adopt a scale factor for the 8.6 GHz intrinsic core widths of 2.
• 1, viz., W c,i,8.6 50 = 2.
• 1P −1/2 .
(8) Figure 5 shows measured 8.6 GHz core widths W c,8.6 50 and the two width-period relations. We then use Equation 8 to compute the magnetic inclination angles α B given in the secondlast column of Table 5 . In some cases these angles are similar to those reported by Rankin (1990) , given in the final column of Table 5 , but in other cases, e.g., PSRs J0742−2822 (B0740−28) and J1752−2806 (B1749−28), there are wide discrepancies. These discrepancies illustrate the considerable uncertainties in magnetic inclination angles derived using the the core-width method. Interestingly, the inclination angle of 57
• derived from the 8.6 GHz interpulse width for the Crab pulsar is the same (within the uncertainties) as that derived by Moffett & Hankins (1999) from a fit of the rotating-vector model to the observed 1.4 GHz polarisation position angle variations. Moffett & Hankins (1999) ; 2: Johnston et al. (2006) ; 3: This paper.
Conclusions
Pulsars are usually very weak at high frequency because of their steep power-law spectra, so high frequency observations are relatively difficult. At frequencies around 8.6 GHz, less than 50 pulse profiles have been published up to now. In this paper, we have presented integrated pulse profiles at 8.6 GHz for 26 pulsars observed with the Shanghai TianMa Radio Telescope, 11 of which have not been previously published. Comparison of 8.6 GHz profiles with those at lower frequencies for 19 pulsars shows two distinct behaviours in the profile width or, more specifically, the separation of the outermost components. In nine cases, the component separation decreases with increasing frequency, whereas in ten other pulsars, there is no significant change in separation between about 1 GHz and 10 GHz. For seven pulsars over the same frequency range we showed that the spectral index of the central component is steeper than for the outer components. We give the observed core half-power widths of 12 pulsars around 8.6 GHz and obtain a modified width-period relation for 8.6 GHz observations. Magnetic inclination angles derived using this relation are in some cases very different from those derived from lower-frequency data. Evidence for mode changing in the high-frequency profile of PSR J0742−2822 was found by comparing our 8.6 GHz profile with the 8.4 GHz profile of Johnston et al. (2006) . Rankin (1990) derived from 1.0 GHz observations (black line), and that for the 8.6 GHz data (blue line).
